Growth diagram and magnetic properties of hexagonal LuFe2 04 thin films 
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A growth diagram of Lu-Fe-0 compounds on MgO (111) substrates using pulsed laser deposition 
is constructed based on extensive growth experiments. The LuFe2 04 phase can only be grown 
in a small range of temperature and O2 pressure conditions. An understanding of the growth 
mechanism of Lu-Fe-O compound films is offered in terms of the thermochemistry at the surface. 
Superparamagnetism is observed in LuFe2 04 film and is explained in terms of the effect of the 
impurity h-LuFeOa phase and structural defects . 

PACS numbers: 68.55.-a, 68.37.-d, 75.70.-i 



I. INTRODUCTION 

Multiferroics have attracted great attention recently 
because of their promising new functionality and intrigu- 
ing fundamental science. A multiferroic material with 
a large ferroic polarization, high ordering temperature, 
and strong coupling between the ferroic orders is ideal 
for applications. So far, those desired properties have 
not been realized in a single phase material. Multifer- 
roics like BiFeOs where the magnetic and electric orders 
originate from different part of the structure have high 
ordering temperatures but weak coupling between dif- 
ferent orders.^ Other materials like TbMn2 05 exhibiting 
ferroelectricity due to the broken symmetry caused by 
the spiral magnetic moment have strong magneto-electric 
couplingi^ However, here the ordering temperature is 
very low and the electric polarization is small. LuFe2 04 
contains layers of Fe202 with a triangular lattice that are 
sandwiched by LUO2 layers. Combined with the mixed 
valance of Fe, the Fe2 02 layers in the triangular lattice 
form a charge ordered state at rco=320 K, followed by 
a ferrimagnetic order at Tn—240 Kj^ Significant changes 
in dielectric properties have been observed upon applica- 
tion of a small magnetic field at room temperature."* The 
relatively high transition temperature, large polarization, 
high magnetic coercivity and the strong magneto-electric 
coupling make LuFe204 a unique multiferroic material. 
Recently, the possibility of fast switching and high tun- 
ability of LuFe204 due to the electronic origin of its 
charge order was demonstratedi^ 

Compared to the large amount of effort to study bulk 
LuFe204, there are only a couple of reported attempts 
to grow LuFe204 thin films on a-Al203 (001) and on Si 
substrates using pulsed laser deposition (PLD)j^iI Liu et 
al found that the growth of LuFe204 on q:-A1203 (001) 
(with a target consisting of a sintered mixture of LU2O3 
and Fe203) needs substrate temperatures as high as 850 



°C^ In addition, a significant deviation of the Lu:Fe sto- 
ichiometry from 1:2 was observed, which was attributed 
to different ablation efficiencies of Lu and Fe in the tar- 
get. This problem was circumvented by enriching the 
Fe concentration of the target material. However, as a 
result, Fe304 and Fe2 03 impurities were introduced as 
intermediate layers between the LuFe204 film and the 
a-Al203 substrate. 

In this paper, we present a comprehensive study on the 
growth of Lu-Fe-0 compound thin films on MgO (111) 
substrates using pulsed laser deposition (PLD). The ex- 
perimentally constructed growth diagram shows that the 
parameter space for growing epitaxial LuFe204 thin films 
turns out to be a narrow window of temperature and 
O2 pressure, which creates significant experimental diffi- 
culty. Based on these results we have gained fundamental 
understanding of the growth of Lu-Fe-0 compound films: 
the growth temperature needs to be high enough to sta- 
bilize the LuFe2 04 phase; on the other hand the loss of 
Fe at high temperature also produces phases other than 
LuFe204. These two effects cause narrow window of the 
growth condition producing LuFe204. Typical LuFe204 
films appear to be superparamagnetic, which is consis- 
tent with the fact that the LuFe204 in the film is epi- 
taxially sandwiched by an impurity phase of hexagonal 
LuFe03 (h-LuFe03). The current demonstration of epi- 
taxial growth of LuFe2 04 thin films opens up new pos- 
sibilities for studying multiferroicity of low dimensional 
LuFe204, tuning of its properties, and eventual function- 
alization. 

The paper is organized as the following: Section II 
describes the experimental conditions used in this work; 
Section III presents the experimental results including 
the growth diagram, structural characterizations and 
magnetism; Explanations of the observed growth dia- 
gram and magnetism of the films are proposed in Section 
IV. 



II. EXPERIMENTAL CONDITIONS 

Lu-Fe-0 compound thin films were grown using PLD 
with a KrF (A=248 nm) laser. The energy density of 
the laser is 2.5 J cm~^ with a repetition rate of 1 Hz. 
The target-substrate distance was 3.5 cm. The thick- 
ness of the films grown in this study is approximately 
100 nm. The substrates are MgO (111) single crystals 
annealed in O2 for 24 hours at 1100 °C. The target ma- 
terial used is polycrystalline LuFe204, whose properties 
are verified using powder X-ray diffraction (XRD) and a 
superconducting quantum interference device (SQUID). 
After growth, the sample heating is turned off so that 
the sample cools to below 200 °C at the same pressure 
as that of the growth condition within 5 minutes. The 
substrates were clamped on a heater with a Pt foil in 
between. The sample temperature was measured by a 
pyrometer using emissivity of 0.3. In principle, all the 
parameters described above will have to be scanned and 
optimized in order to realize the growth of high quality 
LuFe2 04 thin films. In this work, we are more focused on 
elucidating the mechanism of the growth. Therefore, fine 
scans of the substrate temperature and the O2 pressure 
were carried out to map out the growth diagram involv- 
ing the growth of more than one hundred samples, while 
all the other parameters were kept constant. 



III. RESULTS 
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A. Growth diagram 
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In this work, we start from the ternary phase diagram 
of the bulk Lu-Fe-0 system, a section of which is shown 
in Fig. (Ha) at 1200 °C,^i^ This system belongs to the 
D-type of lanthanoid-Fe-0 compounds for which there 
are four stable three-element phases: LuFe204 (A) and 
Lu2Fe307 (B), LuFeOa (perovskite or P), and Lu3Fe50i2 
(garnet or G)."^° In principle, one way to form a single 
LuFe204 phase is to keep atomic ratio Lu:Fc=l:2 and 
vary the O2 pressure, as shown as a thick dashed line in 
Fig. ma). 

Figure [D^a) presents the XRD data of films grown at 
1050 °C in various O2 pressures. The LuFe204 phase 
is not observed. In addition, the Lu:Fe stoichiometry 
of the films is very different from that of the target. 
The dominant phase is always LU2O3 (L). The concen- 
tration of LuFeOa rises with increasing O2 pressure. At 
high enough O2 pressure, h-LuFeOa compounds start to 
form.^^ 

In order to further elucidate the mechanism of the 
growth of Lu-Fe-0 compound films, we carried out fine 
scans of the substrate temperature and the O2 pressure 
to map out the growth diagram. Figure [TJb) is the re- 
sulting experimental growth diagram. The important ob- 
servations can be summarized as follows: 1) In the low 
temperature region the growth follows more or less the 
behavior predicted by the bulk phase diagram Fig. [IJa) : 



FIG. 1: (Color online) (a) A part of the phase diagram 
of the bulk Lu-Fe-0 ternary system at 1200 °C. The thick 
dashed line represents the expected growth of the bulk Lu-Fe- 
O compound when the Lu:Fe stoichiometry is kept as 1:2 at 
1200 °C.^'^ The dash-dot hne depicts the actual growth of Lu- 
Fe-O compound film at high temperature while the dotted line 
indicates the growth of at optimal temperature for LuFe2 04 
film in this work, (b) The experimental growth diagram of the 
Lu-Fe-O compound thin films on MgO (111) substrates. The 
subset of data points that define the boundaries are shown as 
small circles. 



at high pressure, the existing phases are LuFeOa, LU2O3 
and h-LuFeOa; when the pressure is decreased, the Fe304 
phase starts to appear. This is consistent with the fact 
that LuFe204 and Lu2Fe307 phases are not stable at 
low temperaturcj^ 2) In the high temperature region, 
the growth deviates strongly from the thick dashed line 
in the bulk phase diagram Fig. [T] (a) in that the Lu:Fe 
stoichiometry differs dramatically from that of the poly- 
crystalline LuFe204 target. The formation of Lu-Fe-0 
compounds in the films qualitatively follows the dash-dot 
line in Fig. [ija). 3) Only in the small range of pressure 
and temperature indicated by the elliptical area in Fig. 
[IJb), growth of LuFe204 is the most effective. In this 
case, the growth follows qualitatively the dotted line in 
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FIG. 2: (Color online) XRD data of the films grown at (a) 
T=1050 °C and at two diff'erent O2 pressures, (b) The ratio 
between the intensity of the P phase (LuFeOs) I(P) and L 
phase (LU2O3) I(L) as a function of the O2 pressure. The line 
is a fit with the thermochemistry model (see text), (c) Typical 
XRD data of a LuFe204 film that shows the LuFe204 c-axis 
to be perpendicular to the substrate surface as expected. Also 
present is a h-LuFeOa as a impurity phase. 



TABLE I: Morphology and epitaxial relations of compounds 
grown on MgO (111) substrates. 



Compound 


Morphology 


Epitaxial relation 


LuFe2 04 


Quasi 2D 


[001]//MgO [HI], [100]//MgO [1-10] 


LU2O3 


Quasi 3D 


1117/MgO HI , 1-10 //MgO [1-10] 


LuFcOs 


3D 


[100]//MgO HI, 001]//MgO 1-10] 


Fe304 


3D 


111 //MgO HI , l-10]//MgO 1-10] 


h-LuFeOs 


Quasi 2D 


001 //MgO 111 , l-10]//MgO 1-10] 



Fig. [TJa). Typical XRD data are diaplayed in Fig. ^c) 
showing both LuFe204 and h-LuFeOs, indicating a devi- 
ation of Lu:Fe stoichiometry from that of the target even 
in this narrow window J^ 



B. Structural characterization 

The combination of in-situ structural characteriza- 
tion using Reflection High Energy Electron Diffraction 
(RHEED) and ex-situ characterization by XRD allows 
assignment of the epitaxial relation between the exist- 




FIG. 3: (Color online) RHEED images corresponding to the 
patterns of the MgO (HI) substrate taken with the electron 
beam along [1-10] (a) and [11-2] (b) directions, and to the 
pattern of LuFe204 film taken with the electron beam along 
MgO [1-10] (c) and MgO [11-2] (d) directions. All panels have 
the same scale. 



ing phases and the substrates. The results are given in 
Table I. From the RHEED image, one can measure the 
in-plane lattice constant for the grown film. If three di- 
mensional (3D) island growth occurs, the RHEED images 
correspond to the diffraction pattern of the transmitted 
electron beam which contains more structural informa- 
tion. Figure |3] shows the RHEED images of the MgO 
(111) substrates and the LuFe2 04 films with the elec- 
tron beams directed along MgO [1-10] or MgO [11-2]. 
The strong LuFe204 (003), (006) and (009) peaks ob- 
served in Fig. mb) indicate that the epitaxial relation 
is LuFe204 [001]//MgO [111], which is expected because 
both faces have 3-fold rotational symmetry. The streaky 
RHEED patterns in Fig. [HJc) and (d) suggest quasi-2D 
growth of LuFe204. The in-plane lattice constants of the 
film can be calculated from the separation of the streaks 
calibrated by the RHEED pattern of the MgO substrates. 
It is consistent with the LuFe204 lattice constant 3.44 
A within the experimental uncertainty of 2%. Hence, 
the in-plane epitaxial relation is LuFe204 [100]//MgO 
[1-10]. This is unexpected from the point of view of lat- 
tice matching, which predicts LuFe2 04 [100] //MgO [11- 
2] because a a/S x -^73 supercell of LuFe204 with 30 degree 
rotation along the [001] direction has less than 0.1% mis- 
match with a 1x1 of MgO (111) surface. ^'^ Contrasting 
with the apparent quasi-2D growth of LuFe204, LU2O3 
forms quasi-3D structures on the substrate. ^'^ However, 
the RHEED pattern suggests a face centered cubic struc- 
ture with a lattice constant half of that of bulk LU2O3. 
The detailed structure is not clear at present. At low 
pressure and low temperature, the RHEED signal is dom- 
inated by the diffraction pattern of 3D Fe304 islands 
along the [11-2] direction, with the [111] direction per- 
pendicular to the substrate surface. This is consistent 



(b) h-LuFeOj 



(e) h-LuFeOj 




FIG. 4: (Color online) (a) Typical HRTEM image around the 
interface, (b-d) The Fourier transforms of various positions 
of (a), where (d) is from MgO substrate and (c) is from the 
majority of the film, and (b) is from the small top left part 
of the image, (e) and (f) are the atomic-resolution Z-contrast 
images corresponding to (b) and (c) respectively. 



with the XRD data. The lattice constants are the same 
as that of bulk Fe304 within the experimental uncer- 
tainty of 2%. 

High resolution transmission electron microscopy 
(HRTEM) reveals the detailed structure of the LuFe2 04 
films. As shown in Fig. IDJa), a layered structure of the 
film is obvious with some variation at different locations. 
The fast Fourier transforms (FFT) of the HRTEM image 
at different locations confirm the epitaxial relation ob- 
served from RHEED images: the FFT of the substrate 
(Fig. 111(d)) indicates the reciprocal lattice of MgO viewed 
from [11-2] direction. The FFT of the majority of the 
film (Fig. m^c)) is consistent with the reciprocal lattice of 
LuFe204 viewed from the [1-10] direction, while at some 
locations (Fig. Wlb)) it suggests h-LuFeOa viewed from 
the [100] direction. These two phases LuFe204 and h- 
LuFeOa were further confirmed by direct observation us- 
ing atomic-resolution Z-contrast imaging, which is shown 
in Fig. |4i;e) and (f). The LuOa-FeO-FeO-LuOa ordering 
in the LuFe204 phase and the Lu02-FeO-Lu02 ordering 
in the h-LuFeOa phase are clearly observed. 

Although the intensity of the XRD peaks originat- 
ing from the h-LuFeOa phase seems comparable to that 
of LuFe204 phase, the actual dominant phase is still 
LuFe2 04 due to the lower X-ray scattering cross section 
of the LuFe2 04 as compared with that of the h-LuFeOs 
phase. This is consistent with the low population of the 
h-LuFeOa phase in the HRTEM image. In addition, the 
RHEED patterns of h-LuFeOs and LuFe2 04 are sup- 
posed to be different according to their structures'^""— 
The fact that the observed RHEED patterns do not show 
any indication of h-LuFeOa within the detection limit 
also suggests a low concentration of the h-LuFeOs phase 
in the films. 
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FIG. 5: (Color online) Magnetic properties of a typical 
LuFe2 04 film, (a) The field dependence of the magnetiza- 
tion at various temperatures, (b) Magnetization plotted again 
magnetic field over temperature (H/T). (c) The temperature 
dependence of the magnetic moment of the superparamag- 
netic phase normalized to the maximum value and the bulk 
saturation magnetization from Ref. [18]. The magnetic field 
is perpendicular to the plane of the film. 



C. Magnetic properties 

Ferrimagnetism, large magnetization and giant coer- 
civity are of the key properties of LuFe204.— ^-- This 
makes the study of the magnetic properties of LuFe204 
films critical. As shown in Fig. [SJa), little hysteresis 
is observed for these LuFe2 04 films, in contrast to the 
bulk.^^ When magnetization is plotted against magnetic 
field over temperature (H/T), the data of 12, 50, 100 and 
150 K fall on top of each other (Fig. [SKb)), indicating su- 
perparamagnetic behaviori^""— 

Assuming superparamagnetism to be present, one can 
calculate the magnetic moment from the slope of the low 
field magnetization data with 



dM 



3fcT 



Mo, 



(1) 



where /x, iV, fiQ and k are the moment of the superparam- 
agnetic domains, number of the domains per unit volume. 



the vacuum permeability and the Boltzmann constant, 
respectively!^"™ The magnetic moments normalized to 
their maximum value as a function of temperature are 
plotted in Fig. [SJc), which follow the temperature de- 
pendence of the bulk saturation magnetization closely, 
suggesting that the Neel temperature of the films is not 
very different from the bulk value of 240 K. 



IV. DISCUSSION 

A. Growth diagram 

The most surprising observation of the growth dia- 
gram is that the Lu-Fe-0 compound formation at high 
temperature deviates strongly from the Lu:Fe stoichiom- 
etry of the target. Here we propose an explanation in 
terms of competition between nucleation and desorption 
of adatoms and its dependence on temperature and su- 
persaturation. 

The residence time Tad of an adsorbed atom is given 
by: 



1 , Edes s 

Tad = -exp(— — , 

V kl 



(2) 



where v is the vibrational frequency and Edes is the des- 
orption energy. Clearly, the residence time of an adatom 
is shorter at high temperature due to the higher des- 
orption rate. The observed loss of Fe atoms suggests a 
smaller desorption energy (higher desorption rate) for Fe 
atoms. At low temperature, because exp(-^^) is large 
for both Lu and Fe adatoms, the Lu:Fe stoichiometry can 
be close to that of the target. 

The nucleation speed of deposited adatoms is: 



'Jnuc OC (^ 



^)^/^exp(- 



Afi*kT 



), 



(3) 



where A/i* is the effective supersaturation (molar bulk 
Gibbs free energy change with surface energy considera- 
tion), while K is proportional to the square of the edge 
energy of the nuclei per unit length.34 Therefore, at the 
high temperature limit, the nucleation speed decreases 
with temperature and a high supersaturation favors a 
high nucleation speed. Consider the reaction^^ 



where Na is the Avogadro constant. Eq. ^ suggests 
that higher O2 pressure always corresponds to larger su- 
persaturation, resulting in faster nucleation and better 
Lu:Fe stoichiometry. 

Combining Eqs. (O and ([3]), one has the analytical re- 
lation between the nucleation speed and the O2 pressure: 



oc 



, Afil{T) + lNAkTln{Po,) ^^^^ 



T 



* exp[- 



A^Jil{T)kT + lNAln{Po,){kTY 



-(6) 



Fig [2](b) shows the XRD intensity (peak area) of the 
LuFeOa phase relative to LU2O3 {I{P)/I{L)) as a func- 
tion of the O2 pressure at 1050 °C. Assuming that the 
nucleation speed is proportional to the XRD intensity, 
one can fit experimental data with Eq. (|6]). The result 
shows that Afj.*{T = 105G°C) = 269 kJ mor\ similar 
to the bulk value found as A/xq = Ai?° - rA5° = 258.2 
J mol-\ taking the AH" = -41.8 kJ mol'^ and AS° = 
-121.4 J mol-i K-i and T = 1050 °CM 

In the above analysis, the assumptions we made are: 
1) the nucleation speed is proportional to the XRD in- 
tensity; 2) at high temperature the thermodynamic equi- 
librium gained during the annealing between the laser 
pulses determines the growth. These assumptions appear 
to be valid because the thermo-chemical parameters ex- 
tracted from the model quantitatively agree with those 
from the literature. In other words, the growth of Lu-Fe- 
O at 1050 °C can be described using equilibrium thermo- 
dynamics, presumably due to the thermodynamic equi- 
libration that occurs in between the laser pulses. Here 
the competition between the desorption and nucleation 
determines the Lu:Fe stoichiometry. When the temper- 
ature is high enough, the time scales of the nucleation 
and desorption are comparable. In this case, change of 
nucleation speed (due to the change of supersaturation 
which is a function of O2 pressure) affects the Lu:Fe sto- 
ichiometry dramatically. 

Based on this analysis, we expect the optimal growth 
conditions for LuFe204 films to be a narrow temperature 
and pressure window considering the necessary high tem- 
perature for the stability of LuFe204 phase that sets a 
lower limit, and the different desorption speed of Lu and 
Fe adatoms which sets an upper limit to the temperature. 
As we have shown in Section HI, this is indeed what has 
been observed in our experiments. 



Fe + -LU2O3 



-O2 -^ LuFeOa, 



(4) 



which takes place under thermodynamic equilibrium dur- 
ing the annealing time in between the laser pulses, the 
supersaturation of O2 is related to the O2 pressure as: 



A^^(^,) = AmS(T) + -NAkTln{Po,), 



(5) 



B. Magnetic properties 

The observation of superparamagnetism in the 
LuFe204 films is unusual considering the bulk magnetic 
properties of LuFe204: an easy axis along the [001] di- 
rection with anisotropy energy as large as 100 K/spin 
and gigantic coercivity (9 T at 4 K)Ji""iSi22-^ These 
unique bulk properties were attributed to the significant 
contribution of orbital magnetic moments (0.8 /is/f.u.) 



plus the collective freezing of magnetic domains with the 
size of approximately 100 nm in the Fe2 02 layer and 
30 nm along the [001] direction i^^i^^ The following sce- 
nario may explain the reduction of coercivity qualita- 
tively: the structure of LuFe204 and h-LuFeOs both 
consist of layers of triangular lattice that can be epi- 
taxial to each other nicely. For LuFe204, the stack- 
ing is Fe202/Lu02 while for h-LuFeOa, FeO layers re- 
place Fe202 layersJ^ii^ From XRD data, one can see 
the co-existence of both LuFe2 04 and h-LuFeOa phases. 
HRTEM indicates that the LuFe204 layers are divided 
into clusters (much smaller than the magnetic domain 
size in bulk) by the h-LuFeOa layers and defects. Ac- 
cording to a recent study, h-LuFeOs is weakly ferromag- 
netic, i.e. much less magnetic than LuFe2049'"-? There- 
fore, when these LuFe2 04 clusters are much smaller than 
the dimensions of the magnetic domain in the bulk, one 
expects to see a reduction in coercivity. On the other 
hand, given the large anisotropy energy 100 K/spin, the 
observed hysteresis is too small even for clusters having a 
size as small as a few nanometers. Further study on the 
microscopic magnetic structure is needed to understand 
the difference between the bulk and films. 



V. CONCLUSION 

In conclusion, we studied the growth dynamics of 
LUFC2O4 films on MgO (111) substrates and constructed 
the growth diagram. According to our understanding, 
application of the correct thermochemistry is the key 
to preferential formation of the LuFe204 phase: 1) at 
low temperature, LuFe2 04 is not a thermodynamically 
stable phase; 2) at high temperature, the Lu:Fe stoi- 



chiometry is off by so much due to the faster desorption 
of Fe adatoms that LuFe2 04 can not be formed; 3) in 
a narrow range of substrate temperature and O2 pres- 
sure, LuFe204 dominates the grown phases with some 
h-LuFeOa phase epitaxially sandwiched in between due 
to the loss of Fe atoms. Superparamagnetism is observed 
in the film of LuFe2 04 containing h-LuFeOa impurities. 
The extracted Neel transition temperature is similar to 
that of bulk. 

This work reveals the growth mechanism of Lu-Fe-0 
compound thin films, paving the way to the growth of 
high quality LuFe204 thin films and offers an approach 
to tuning their properties. This will be critical for future 
applications using LuFe204, a unique multiferroic mate- 
rial with large polarizations, high ordering temperatures, 
and strong magneto-electric coupling. 
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